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C3v	  
Cs	  
The	  Methoxy	  Radical	  
ì  Doubly	  degenerate	  ground	  state	  χ2E	  
ì  Vibronic	  coupling	  (Jahn-­‐Teller	  coupling)	  
ì  Conical	  Intersec<on	  
ì  g)	  
ì  Large	  amplitude	  mo<on	  
ì  Doubly	  degenerate	  Ground	  State	  	  
ì  Spin-­‐orbit	  coupling	  
ì  Aﬀects	  magnitude	  of	  Jahn-­‐Teller	  Coupling	  
2	  
Can	  think	  of	  this	  degeneracy	  as	  
resul<ng	  from	  placing	  the	  lone	  
electron	  in	  the	  px	  or	  py	  orbital	  
C3v	   Cs	  
The	  Methoxy	  Racial	  
ì  Doubly	  degenerate	  ground	  state	  
ì  Vibronic	  coupling	  (Jahn-­‐Teller	  coupling)	  
ì  Conical	  Intersec<on	  
ì  Large	  amplitude	  mo<on	  	  
ì  Spin-­‐orbit	  coupling	  
ì  Aﬀects	  magnitude	  of	  Jahn-­‐Teller	  Coupling	  
ì  Fermi	  Coupling	  (bend	  overtone	  and	  CH	  stretch)	  
ì  Recent	  Experimental	  Data	  
ì  YP	  Lee	  Group	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Construct	  Hamiltonian	  
ì  Have	  a	  C3v	  poten<al	  which	  was	  described	  by	  Barckholtz	  
and	  Miller	  (has	  correct	  three-­‐fold	  symmetry)	  
ì  Include	  the	  following:	  
ì  Jahn-­‐Teller	  coupling	  
ì  Spin-­‐orbit	  coupling	  
ì  Fermi	  coupling	  
ì  Other	  anharmonic	  eﬀects	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Construct	  Hamiltonian	  
ì  Have	  a	  C3v	  poten<al	  which	  was	  described	  by	  Barckholtz	  
and	  Miller	  (has	  correct	  three-­‐fold	  symmetry)	  
ì  Include	  the	  following:	  
ì  Jahn-­‐Teller	  coupling	  
ì  Spin-­‐orbit	  coupling	  
ì  Fermi	  coupling	  
ì  Other	  anharmonic	  eﬀects	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Normal	  Modes	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Mode	   Symmetry	   Frequency*	  
1	   a1	   2968.0	   CH	  stretch	  
2	   a1	   1435.8	   HCH	  bend	  
3	   a1	   1079.6	   HCO	  bend	  
4	   e	   3042.5	   CH	  stretch	  
5	   e	   1458.9	   HCH	  bend	  
6	   e	   1096.9	   HCO	  rock	  
*CCSD(T)/cc-­‐pVTZ	  
Comparison	  to	  Expeirment	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CH3O	  
Comparison	  to	  Expeirment	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Experiment	  	  (cm-­‐1)	   Theory	  (cm-­‐1)	  
694.4	   685	  
945.9	   946	  
1041.8	   1045	  
1107	  
1224.6/1228.9	   1222	  
1233.7/1239.1	   1233	  
1346.8	   1344	  
CH3O	  
But	  we	  can’t	  label	  most	  the	  lines	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Full	  Correlation	  Diagram	  
10	  
 0
 500
 1000
 1500
 2000
 2500
 3000
 0  0.5  1  1.5  2  2.5  3  3.5  4
En
er
gie
s
Hfull = HHO +  1HJT1 +  2HJT2 +  3Hanh +  4HSOC
Normal	  
Mode	  
Result	  
 1 = 0
 2 = 0
 3 = 0
 4 = 0
 2 = 0
 3 = 0
 4 = 0
 1 = 1  1 = 1
 2 = 1
 3 = 0
 4 = 0
 1 = 1
 2 = 1
 3 = 1
 4 = 0
 1 = 1
 2 = 1
 3 = 1
 4 = 1
Linear	  Jahn-­‐
Teller	  Result	  
Decrease	  the	  degrees	  of	  freedom	  
ì  Look	  at	  modes	  5	  and	  6	  
ì  Have	  largest	  Jahn-­‐Teller	  (vibronic)	  coupling	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Mode	   Symmetry	   Frequency*	  
1	   a1	   2968.0	   CH	  stretch	  
2	   a1	   1435.8	   HCH	  bend	  
3	   a1	   1079.6	   HCO	  bend	  
4	   e	   3042.5	   CH	  stretch	  
5	   e	   1458.9	   HCH	  bend	  
6	   e	   1096.9	   HCO	  rock	  
*CCSD(T)/cc-­‐pVTZ	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Hfull = HHO +  1HJT1 +  2HJT2 +  3Hanh +  4HSOC
Normal	  
Mode	  
Result	  
 1 = 0
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 4 = 0
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Linear	  Jahn-­‐
Teller	  Result	  
First-­‐Order	  Jahn-­‐Teller	  Coupling	  
ì  For	  ﬁrst-­‐order	  Jahn-­‐Teller	  coupling:	  
ì  Δl	  =	  ±	  1	  (S+/-­‐)	  
ì  Δn	  =	  ±	  1	  (S+/-­‐)	  
ì  Diabat	  changes	  (L+/-­‐	  operator)	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Aˆ = S+L+L+ + S L L 
j = 2l   ⇤
•  In	  ﬁrst	  state,	  j	  =	  +1	  
•  In	  second	  state,	  j	  =	  +1.	  
h11,+1| Aˆ |00, -1i
|nl,⇤i
First-­‐Order	  Jahn-­‐Teller	  Coupling	  
ì  For	  ﬁrst-­‐order	  Jahn-­‐Teller	  coupling:	  
ì  Δl	  =	  ±	  1	  (S+/-­‐)	  
ì  Δn	  =	  ±	  1	  (S+/-­‐)	  
ì  j5	  and	  j6	  
ì  Diabat	  changes	  (L+/-­‐	  operator)	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Aˆ = S+L+L+ + S L L 
•  In	  ﬁrst	  state,	  jtotal	  =	  +1	  
•  In	  second	  state,	  jtotal	  =	  +1.	  
|5ln6l
0
n0⇤i
h500611 + 1| Aˆ |500600   1i
jtotal = 2l5 + 2l6   ⇤
Single	  e	  Mode	  with	  Linear	  Jahn-­‐Teller	  
Coupling	  
ì  Look	  at	  Mode	  6	  
ì  e	  mode	  
ì  CHO	  rock	  (1096.9	  cm-­‐1)	  
ì  Highest	  Jahn-­‐Teller	  coupling	  constant	  
ì  Have	  mo<on	  in	  x	  direc<on	  and	  y	  direc<on	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Q6x Q6y
Jahn-­‐Teller	  Coupling:	  One	  e	  mode	  
ì  Mode	  6	  
ì  e	  mode	  
ì  CHO	  rock	  (1096.9	  cm-­‐1)	  
ì  Highest	  Jahn-­‐Teller	  coupling	  
constant	  
ì  For	  methoxy,	  have	  degenerate	  
ground	  state:	  start	  with	  two	  
degenerate	  harmonic	  oscillators	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Jahn-­‐Teller	  Coupling:	  One	  e	  mode	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•  Mode	  6	  
–  e	  mode	  
–  HCO	  rock	  (1096.9cm-­‐1)	  
  = tan 1
✓
Qy
Qx
◆
Q =
q
Q2x +Q
2
yQ± = Qx ±Qy
V =
!
2
Q2 ± ↵Q
Q6x	  
V =
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!
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0 !2Q+Q 
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✓
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Qe i  0
◆
Jahn-­‐Teller	  Coupling:	  One	  e	  mode	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•  Mode	  6	  
–  e	  mode	  
–  HCO	  rock	  (1096.9cm-­‐1)	  
Q6x	  
•  Answer	  independent	  of	  ϕ	  	  
•  Get	  “Mexican	  hat”	  
poten<al	  	  
V =
!
2
Q2 ± ↵Q
Jahn-­‐Teller	  Coupling:	  Two	  e	  modes	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Jahn-­‐Teller	  Coupling:	  2	  e	  modes	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Vadi = HHO ± |V |
V 212 = ↵5Q
2
5 + ↵6Q
2
6 + 2↵5↵6Q5Q6cos( 5    6)
V =
✓
!
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Diagonalize	  
(project	  onto	  adiaba<c	  surface)	  
Jahn-­‐Teller	  Coupling:	  2	  e	  modes	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V =

!
2Q+Q  0
0 !2Q+Q 
 
+  

0 Qei 
Qe i  0
 
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2
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 
+

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 
Vadi = HHO ± |V |
V 212 = ↵5Q
2
5 + ↵6Q
2
6 + 2↵5↵6Q5Q6cos( 5    6)
•  Only	  dependence	  on	  ϕ5-­‐	  ϕ6,	  Q5,	  and	  Q6	  
•  NO	  DEPENDENCE	  ON	  ϕ5+	  ϕ6!	  
•  Can	  visualize	  poten<al	  and	  wavefunc<ons	  in	  3D	  space	  
with	  projec<on	  onto	  two	  electronic	  surfaces.	  
•  Also	  explained	  by	  existence	  of	  the	  total	  Jahn-­‐Teller	  
quantum	  number.	  
Adiabtic	  Potentials	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•  Projec<ons	  onto	  adiaba<c	  surfaces.	  
•  Slices	  along	  ϕ	  =	  ϕ5-­‐ϕ6	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  = ⇡
Q5	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Q6	  
	  	  	  	  	  	  	  	  	  	  	  Adiabat	  1	  (Upper	  Adiabat)	  	  	  	  	  	  Adiabat	  2	  (Lower	  Adiabat)	  
Adiabatic	  Potentials	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•  Projec<ons	  onto	  adiaba<c	  surfaces.	  
•  Slices	  along	  ϕ	  =	  ϕ5-­‐ϕ6	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Example	  Wavefunctions	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Ground	  State	  
Fourth	  Excited	  State	  
Adiabat	  1	   Adiabat	  2	   Adiabat	  1	   Adiabat	  2	   Adiabat	  1	   Adiabat	  2	  
Conical	  Intersection	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Q6	  
Q5	   Q5	  
  = 0
Now	  know	  what	  zeroth-­‐order	  
wavefunctions	  look	  like	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Now	  know	  what	  zeroth-­‐order	  
wavefunctions	  look	  like	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But	  now	  need	  to	  be	  able	  to	  
explain	  these	  states.	  
Correlation	  Diagram:	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Correlation Diagram-Pure HO to full linear JT for adiabats
H56 = HHO +  HJT1
 
Hamiltonian	  for	  single	  e	  mode:	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Harmonic	  Oscillator	  
in	  r	  
Par<cle	  in	  a	  ring	  
δ	  and	  α	  modify	  strength	  of	  Jahn-­‐
Teller	  coupling	  
Order	  states	  using	  PIAR/HO	  basis	  sets	  
30	  
 0
 500
 1000
 1500
 2000
 2500
 3000
 3500
 0  2  4  6  8  10
En
er
gy
-in
de
xe
d 
so
 G
S 
sta
ys
 a
t 0
.0
d0
Delta
Correlation Diagram with HO/PIAR approx_withoutderivimation Energy	   n	   m	  
0.00	   0	   0.5	  
28.37	   0	   1.5	  
84.88	   0	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169.00	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417.25	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579.	  53	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   0.5	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   1	   1.5	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  2	  Mode	  Hamiltonian	  
ì  Harmonic	  Oscillator:	  r5,	  r6	  
ì  Free	  rotor:	  ϕ5+	  ϕ6,	  and	  ϕ5	  –	  ϕ6	  
ì  Coupling	  between	  ϕ5	  –	  ϕ6	  states	  
ì  Use	  Fourier	  series	  for	  poten<al	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This	  method	  does	  not	  work	  due	  to	  wavefunc<on	  character	  
at	  origin	  (r=0)	  for	  small	  delta	  values.	  
Correlation	  Diagram:	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Correlation Diagram-Pure HO to full linear JT for adiabats
H56 = HHO +  HJT1
Correlation	  Diagram:	  Ground	  State	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State	   jtotal	   Transi@on	  Frequency	  	   Primary	  Normal	  Mode	  
Component	  (and	  coeﬃcient)	  
Primary	  Mode	  6	  
State	  
(and	  coeﬃcient)	  
0	   1	   0.00	   500	  600;	  Λ	  =	  -­‐1	  	  (0.8529)	   ν6	  =	  0	  (0.9840)	  
1	   3	   819.3037	   500	  611;	  Λ	  =	  -­‐1	  (0.8087)	   ν6	  =	  1	  (0.9723)	  
2	   1	   1268.8947	   500	  611	  ;	  Λ	  =	  +1	  (0.5968)	   ν6	  =	  2	  (0.8816)	  
3	   3	   1414.8528	   511	  600	  ;	  Λ	  =	  -­‐1	  (0.8410)	   ν6	  =	  3/4	  (0.9481)	  
4	   1	   1502.4428	   511	  600	  ;	  Λ	  =	  +1	  (0.7177)	   ν6	  =	  4/3	  (0.8675)	  
5	   5	   1689.9601	   500	  622	  ;	  Λ	  =	  -­‐1	  (0.7851)	   ν6	  =	  5	  (0.9655)	  
6	   1	   2157.5395	   51-­‐1	  611;	  Λ	  =	  -­‐1	  (0.5964)	   ν6	  =	  6/7	  (0.6854)	  
7	   5	   2238.4781	   511611;	  Λ	  =	  -­‐1	  (0.7821)	   ν6	  =	  7/6	  (0.9171)	  
8	   1	   2406.4257	   51-­‐1611;	  Λ	  =	  -­‐1	  (0.4994)	   ν6	  =	  8	  (0.7059)	  
CD3O	  Results	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State	   jtotal	   Transi@on	  
Frequency	  	  
Primary	  Normal	  Mode	  
Component	  (and	  coeﬃcient)	  
Primary	  Mode	  6	  
State	  
(and	  coeﬃcient)	  
0	   1	   0.00	   500	  600;	  Λ	  =	  -­‐1	  	  (0.8300)	   ν6	  =	  0	  (0.9637)	  
1	   3	   613.3274	   500	  611;	  Λ	  =	  -­‐1	  (0.7686)	   ν6	  =	  1	  (0.9266)	  
2	   1	   945.8305	   500	  611	  ;	  Λ	  =	  +1	  (0.5599)	   ν6	  =	  2	  (0.7631)	  
3	   3	   1010.5726	   511	  600	  ;	  Λ	  =	  -­‐1	  (0.7966)	   ν6	  =	  4	  (0.8739)	  
4	   1	   1142.8622	   511	  600	  ;	  Λ	  =	  +1	  (0.5586)	   ν6	  =	  3	  (0.7312)	  
5	   5	   1273.4066	   500	  622	  ;	  Λ	  =	  -­‐1	  (0.7347)	   ν6	  =	  5	  (0.9042)	  
6	   1	   1591.7852	   51-­‐1	  611;	  Λ	  =	  -­‐1	  (0.6302)	   ν6	  =	  6	  (0.7305)	  
Conclusion	  
ì  Using	  a	  symmetry	  informed	  Hamiltonian,	  
we	  are	  able	  to	  reproduce	  the	  IR	  spectrum	  
for	  methoxy	  
ì  Normal	  modes	  provide	  poor	  labels	  for	  
the	  assignment	  of	  states	  due	  to	  vibronic	  
coupling-­‐instead	  use	  ﬁrst	  order	  Jahn-­‐
Teller	  coupled	  wavefunc<ons	  
ì  We	  are	  able	  to	  look	  at	  the	  
wavefunc<ons/poten<als	  for	  the	  new	  
ﬁrst-­‐ordered	  Jahn-­‐Teller	  basis	  func<ons	  
ì  In	  working	  toward	  understanding	  the	  
sequence	  of	  wavefunc<ons,	  we	  use	  the	  
single	  mode	  6	  wavefunc<ons	  as	  new	  
zeroth	  order	  Hamiltonian.	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Conclusion	  
ì  Using	  a	  symmetry	  informed	  Hamiltonian,	  
we	  are	  able	  to	  reproduce	  the	  IR	  spectrum	  
for	  methoxy	  
ì  Normal	  modes	  provide	  poor	  labels	  for	  
the	  assignment	  of	  states	  due	  to	  vibronic	  
coupling-­‐instead	  use	  ﬁrst	  order	  Jahn-­‐
Teller	  coupled	  wavefunc<ons	  
ì  We	  are	  able	  to	  look	  at	  the	  
wavefunc<ons/poten<als	  for	  the	  new	  
ﬁrst-­‐ordered	  Jahn-­‐Teller	  basis	  func<ons	  
ì  In	  working	  toward	  understanding	  the	  
sequence	  of	  wavefunc<ons,	  we	  use	  the	  
single	  mode	  6	  wavefunc<ons	  as	  new	  
zeroth	  order	  Hamiltonian.	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Conclusion	  
ì  Using	  a	  symmetry	  informed	  Hamiltonian,	  
we	  are	  able	  to	  reproduce	  the	  IR	  spectrum	  
for	  methoxy	  
ì  Normal	  modes	  provide	  poor	  labels	  for	  
the	  assignment	  of	  states	  due	  to	  vibronic	  
coupling-­‐instead	  use	  ﬁrst	  order	  Jahn-­‐
Teller	  coupled	  wavefunc<ons	  
ì  We	  are	  able	  to	  look	  at	  the	  
wavefunc<ons/poten<als	  for	  the	  new	  
ﬁrst-­‐ordered	  Jahn-­‐Teller	  basis	  func<ons	  
ì  In	  working	  toward	  understanding	  the	  
sequence	  of	  wavefunc<ons,	  we	  use	  the	  
single	  mode	  6	  wavefunc<ons	  as	  new	  
basis.	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